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Rgure 1. Schematic diagram of 
the total implarrtation system (all 
dimensions in' millimeters). To 
prevent shifting of the transducer 
caused by the pressure in the 
nucleus acting at its tip, the 
transducer was guided through a 
relatively stiff polymer tube with 
an inner diameter of 10 mm and 
an outer diameter of 3.3 mm, 
which was then secured to the 
belt Thus, tt>e total implantation 
system was divided between a 
stiffer section beginning at the 
sUn surface end ffiiending to the 
disc, a pliant section twitfiin tlie 
anulus fibrosus, and finally, a 
metal tip within the nucleus. 
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■ Methods 

Because of the risk invoivcd in this invcsugation, just two 
objects (both volunteer male orthopedists] were eriiisted for 
the operation, which was approved in this single imtance by the 
state ethics review board (Landesaritekaxnmer Baden- 
Wurttexnbeig, Geimany). The measurements in the first sobject . 
(MC) bdd to be ceuninated directly after the impiamaiion of 
the transducer because of technical problems with slippage of a 
relatively unsupported transducer cable. The second andactaal 
subject (P!^), hnplanted with a modified cable, was AS years 
old, weighed 70 kg, stood 1.69 m, was in good physical condi- 
tion, and had no history of back pain. 

Because incxadiscal pressure can only be xeliably measured 
in a nondegenerated disc, ooagnetic resonance imaging (MRI) 
was used to evaluate the viability of the lumbar discs of the 
subjea. Based on these findings the L4 -LS di^ which showed 
no signs of degeneration or dehydration, was used. The cross- 
sectional area was 1800 mm^. 

A flexible-pressure transducer with a constant diameter of 
1 j mm was used (Figure 1). A piezoresistant pressure sensor 
with a measuring range up to 3.5 MPa (35 bais) was integrated 
in a 7-nmi-long metal tip (5 French; Mammendorfer Insti mt fur 
Physik lind Medizin GmbH, Hattcnhofen, Germany). This tip 
was fixed to a flexible silicone tube, which carried the powti 
and signal wires to a telemetry unit (Biotcl 33, Glonner, Mar- 
tiosried, Germany) mounted to a special belt worn by the sub- 
ject to maintain die position of the transducer (Figure 2). The 
signal was amplified (DMCplus; HBM Hottinger Baldwin 
Nles^echnik, Darmstadt, Germany) then collected at 200 Hz 
on a laptop computer (Macintosh, Powerbook 5300cs; soft- 
ware package beara-lD, ver. 3.3i AMS Gesellschaft fiir ange- 
wandte Mess-und Systemtechnik mbH, Floha, Geimany). The 
transducer was calibrated in an air chamber to 0.8 MPa to 
verify partially the manufecturer*s calibration to 3.5 MPa. 

After the volunteer was prcmedicated- with antibiotics for 
1 day, the transducer was implauited from a dorsolateral trans* 
foraminal approach into the center of the intervertebral disc 
under local anesthesia using a trocar in a manner similar to that 
used in performing percutaneous nudcotomy (Figure 3). To 
prevent shifting of the transducer caused by the pressure in the 
nucleus acting at id tip, the transducer was guided through a 
relatWcly stiff polymer tube with an inner diameter, of 2.0 mm 
and an outer diameter of 3.3 mm (Reidiert Chemie GmbH & 
Co., Heidelberg, Germany; Figure 1), which was then secured 
tothi'bcit (Figures). 



Measurements were first made of the intradiscal pressure 
with the subjea in various lying positions; then during sneezing 
and laughing; then for a series of activities, including various 
sitting positions in a chair, in an armchair, and on a pezziball 
(ergonomic sitting bail); while standing, walking, jogging, stair 
climbing, load lifting (Figure 4); and finally, during sleeping to 
monitor the biomechanical effect of hydration during 7 hours. 
For this overnight measurement the sampling rate was reduced 
to 1 Hi. 

The total test period was approximately 24 hours. During 
this time, the position of the transducer in die disc was period- 
ically verified by radiograph (Figure 2) and by monitoring die 
pressune in prone and standing positions. The reproducibiiity 
of these pressure measurements obviated the need for further 
verifying radiographs after the third vcrificauon obtained 4 
hours into testing. Most activity measuremcncs tcporri^ were 
obtained during a £-hour period in the afternoon. On the 
morning of the second day, sometime after the pressure was 
verified, the reproducibility of the signal was unexpectedly lost; 
thus ending the study, but not before all activities in the proto- 
col and physiologic events were measured at least once. Exam- 
ination of the radiographs showed that the transducer had 
slipped out of the disc, probably as a result of the subject's 
getting into the car to transfer to anodier test site. 

The subjea bad slight back pain in the next few days caused 




Figure t Spatial relation of Implanted transducer, intervertebral 
disc and stabilization^ and transmission belt 
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Table 1. Iniradiscal Pressure Values for Diflereiit 
Positions and Exercises 



Qure 3. Radiograph with implanted pressure transducer approx- 
lately in the center of the W-L5 nucleus pulposus. 



f muxlc spasms that resolved with itaining of the back mus- 
es. Two years after the experiment, the subject reported no 
irther episodes of back pain, and an MRI investigation did not 
low any change of the treated disc in comparison with the 
atu5.before th« expezimeut 

i Results 

at positions and activities were achieved or performed 
ctively by die volunteer without assistance, Position- 




Position 



Lying supina 
Lying on the side 
lying prone 

Lying prona, exiandBd twct suppaning on elbows 
Laughing ha^rtily, lying latsraily 
Sneezing, lying laterelly 
Peaks by. turning around 



figure 4. Lifting was performed in various positions of posture 
end weight proximity. 



pressure (MPb) 

. aio 
0:12 
an 
02s 

0.15 
038 

0.7tHL60 



RetaxBd standing 

StanfHng, parfomtDig vasah/s maneuver 
StBiufing, bent fbnvard 



050 
032 
1.10 



Sitting rsiaxad. wiihout backrest 

Sitting ac^ely straightening the back 

sitting with maximum ftexion 

Sitting bent forward with tight supporting the bBiows 

Sftting slouchad intD tha chair 

Standing up from a.chsir 



046 
055 
083 
043 

027 

1.10 



Walkir>g barafoot 
Walking witli tannis shoes 



053-0.65 
053-0.65 



Jogglng'wit}) hard street shoes 
Jogging with tennis shoas 



035-095 
035-08S 



Climbing stair?, one stair at a time 
Climbing stairs, two stairs at a time 
Walking down stairs, one stair at a tiine 
Walking down stairs, two stairs at a time 
Lifting 20 kg. bent ovar with round back 
Lrfting 20 kfl as taught in back school 
Holding 20 kg close to the body 
Holding 20 kg. 10 cm away from the chast 



0.S(M).70 

0. 30-1.20 

a3a-o.60 

030-090 
1.70 

1. to 
i.eo 



. Pressure. Bicreesa during nigM (over a period of 7 hr) O1Q-0.24 



related measurements were recorded usually after two 
pretrials; activities required some training. 

The first data were recorded while the subject was still 
on the operating tabic. Lying supine with legs relaxed 
and slightly flexed produced a pressure of 0.08 hiPa (0,1 
MPa equals approximately 1 bar], which then increased 
to 0.11 MPa when suaightcning out the legs, possiMy 
because of an increase of muscle forces involving also the 
lumbar spine (Table 1). With flexed knees and either, 
elevated or nonelevated feet, as is often prescnbed for die 
healing back pain patient, the pressure returned to 0.08 
MPa Turning from a relaxed supine position to the side 
increased the pressure from 0.10 to 0.12 MPa. Further 
turning to the prone position decreased the pressure 
slightly to 0.11 MPa. However, supporting upper body 
weight with the elbows, as when reading prone and thus 
extending the spine, doubled the pressure to approxi. 
matcly 0.25 MPa. Monitoring the pressure as the subject 
turned around in bed produced dynamic peak values of 
0 70 to 0.80 MPa. Sneezing whUc lying laterally in- 
creased the pressure to 0.38 MPa (Figure JA), whereas 
laughing heartily increased it only to O.IS MPa (Fig- 
ure 5B). 
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forward was 0.90 MPa. Beading forwaxd wich the thiglis 
supporting the elbows, as in relaxed sittings reduced the 
pressure to 0.43 MPa. 

The pressure in sitting decreased when leaning back- 
ward in an armchair (Figure 6B). The lower the subject 
slouched in the chair, the more the pressure decreased (to 
a minimum of 0.27 MPa), despite his further increasing 
the flexion in his back. Standing up from the chair led to 
a pressure peak of 1.1 MPa. 

For the following aaivity, ranges represent means 
within the regions surrounding maximums and mini- 
mums. During walking, intradiscal pressure ranged from 
0.53 to 0.65 MPa^ showing a double-peak curve of the 
ground-reaaion force sioular to that reported for the 
hip' (Figure 7). No differences were found between 
walking slowly and quickly Or between walking barefoot 
and with tennis shoes (Figure 7, A and B). The range of 
pressures during jogging in hard street shoes was much 
higher at approximately 0.60 MPa (range, 035-0.95 
MPa) than that during walking. Jogging with tennis 
shoes decreased the mean peak pressure to approxi* 
matcly 0.85 MPa, whereas the minimum pressure stayed 
the same. When climbing stairs one stair at a time, the 
pressure ranged from 0.5 to 0.7 MPa, hut climbing two 
stairs at a time increased the range from 0.3 to 1.2 MPa . 




Rgure 5. Intradiscal pressure during (A) sneezing. [B) laughing, 
and 10 perfonning the Valsalva maneuver. 

In relaxed standing, intradiscal pressure was repro- 
ducibly 0.48 to 0,50 MPa. Performing the Valsalva ma- 
neuver inaeased the pressure to as much as 0.92 MPa 
(Figure 5C). 

In sitting, fluctuations in pt^urt occurred with 
changes in posture and support: Relaxed sitting, on a 
stool with a normally straight back produced a pressure 
peak of 0.45 to 0.50 MPa, similar to pressure in standing 
(Figure 6A). Actively straightening and extending the 
back, as taught in some back schoolsi increased the pres: 
sure to 0.55 MPa. Bending forward without arm support 
whil^ seated increased the pressure to 0.83 MPa in max- 
imum flexion, (simulating, for instance, the position of 
tying shoes). The maximum pressure reached by bending 




Figure 6.. Intradiscal pressure during sitting in variously sup- 
ported positions (A| an a stool and (B) in an armchair. 



i 



BEST AVAILABLE COPY 



Measurememj of Preaurq ia the Intavatebtal Dt«c » WJke «t al,. jSg -_ j*! 



p. . 

i 
t 



I 



1 




Figure 7. Intrediscsl pressure in nomiBl 
ami |B1 with shoes. 



gait (A} vrithwit shoes 



Figure 8. Iniradiscel pressure during sUir climbing W one stair 
at a liniB aM t8) two stairs at a time. 



(Figurc8.AandB).Withihe8ub,ertTv^ing down stairs 
oncsok at a time, the pressure ranged frorn 0.38 and 0.6 
for two steps at a time. 0.3 » 0.9 MPa (Figure 

^' TT^ThSest pressure range was found during lifting 
and carrybg a case of bbttled bwerage widi a weight of 
198 tefeguie 9). Lifting and lowering the case with 
faies tent and in an upright p<»tcre, with naively ex- 
tended back as taught in some back schools increased 
the pressure from 0.5 MPa with quiescen standmg to 
?52 MPa during Ufting and 1.68 MPa dunog low«.ng^ 
lifting .he case by bending over with the \^ atoo^ 
slight increased the pressure to as much as to 2.3 MPa- 
nSgthecasedosetothebody archest level produj^^^ 
f pressie of approximately 1.1 MPa, wh^eas holding .t 
60^ away from the chest increased the pressure to 

^' 'Xn the subject went to sleep, the non^inal pressuie 
w^0.1 MPa. similar to that m«aw«j«leaxlUrm^^^^^^^^ 
h.« after surecrv During the last half hour after 7 hours 
7s^"::S^^J,^^-2^^^ (Figure m?.^' 
sure peaks probably resulted £ro« movement of the vol- 
unte«(Figure 10.AandQand apparent no«e not from 

Ssducer but from the breathing of the subject (Fig- 
urelO.AandB). 



■ Discussion 

niis study appears to be the first to build substantiaUy on 
the seminal in vivo intradiscal pressure measurements 
begun in the 1960s by Nachemson and Jftf,,'?,^^?""' 
by Schuhz ei al and Andersson et al. • ' 
though some of the absolute values were read,ttSted in 
1981, the relation between the pressures obtamed id vat- 




Rgure 9. Intradiscal pressure during 
posture and weight proximity. 



Ufting in various positions of 
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Rgure tO. Iniradiscal pressure variatbns during sieap |A) for 7 
hours, detail of saveral breathing cYcles (6), and detail of o 
movement event 10, showing charactaristics of pressure poaks 
seen in lA). 



ioQS bodily- positions^ movements, and exercises always 
remained the samc.^^ Because transducer technology has 
improved since chat time, and because a widening need 
has emerged to understand the iole daily activities play in 
burdening the back, the time was appropriate to renew 
such an investigation. In many cases, the data of this 
study corroborate those of Nadbemson, but in some no- 
table cases they differ. 

Good agreement was found, for instance, in intradis- 
cal pressure in the supine position compared with that in 
standing— approximately 20% in this study and 24% in 
Nachemson's (Figure 11). Another point of agreement is 
that leaning forward, both in sitting and standing, sub- 
stantially Increased the intradiscal pressure. For lif^ng a 
load of 20 kg with bent posture and straight legs, 
Nachemson found approximately a 4-fold increase in 
pressure, compared yAA the cunent 4.5-fold increase. 
Lifting with Imees bent and upright trunk reduced the 
pressure approximately 25% from that of bent-posture 
loading. Reduction in the associated compressive stress 
in the disc may be less, because the reduction in the in- 
tradiscal pressure may be accompanied by an increase in 
compressive stress in the posterior anulus.^ Holding the 
load close to the body reduced the pressure almost two- 
fold. As expected, this validates the lifting technique 
commWy taught in back school programs." 



The absolute pressures measured in many cases were 
similar as well to. those reported earlier. Nachemson re* 
ported pressures between 0,56 and 0.97 MPa in relaxed 
standing." A related study by a group of colleagues, 
however, reported a value of 0,27 MPa for relaxed 
standing.^ The pressure found in the current study was 
0.5 MPa for the 45-year-old subject weighing 70 kg. 

In contrast to these general similarities, distinct differ- 
ences were found in pressures in the different lying posi- 
tions. Whereas 'Kachemson found a threefold pressure 
increase from lying sujpine to lying on the side, the intra- 
disca'l pressure measured in the current study was essen- 
tially the same between these positions. This raises the 
question of whether assuming a side-lying position really 
should be advised against, as many orthopedists believe 
it should in cases of low back pain. 

In agreement with Nachemson's findings, intradiscal 
pressure was found to be higher in leaning forward b 
sitting positions than in relaxed sitting; however, in con- 
trast, that iocradiscal pressure was lower in relaxed sit- 
ting than in relaxed standing. These new data contradict 
the general perception of orthopedists and physiothera- 
pists, whose knowledge is largely based on the earlier 
findings of Nachemson. The data of this study, in con- 
trast, confirm those from other investigators who found 
with various indirect methods thatispihal loading is sim- 
ilar between sitting and standing.^^^ 

It was found in this study that only sitting with the 
back consciously straightened, as tau^t in some back 
schools, increased intradiscal pressure approximately 
10% compared with pressure in relaxed standing, prob- 
ably because of increased muscle activities.*^'^^ The 
same relative change in pressure was found when the 
subject straightened his back while standing. It was also 
interesting that intradiscal pressure decreased with 
slouching in a chair .Apparently, more load is transferred 



c 
c 
CO 

B 

"D 

I 
OS 



o 
z 



500 
450 
400 

350 
300 
250 
200 
150 
100 



I Nachemson 
I Present Study 




Figure 11. A comparison between data of Nachemson"-*' and 
those of the current study (both for TO-kg individuals) regarding 
intradiscal pressure In common postures arid activities, normal- 
ized to standing, lilting weight <=> 20 kg in the current study, *Oning 
weight = 10 kg in Nachemson study. 
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h'rpugh the back rest widi mcreased slouching, as sug- 
:ested also by earlier results This finding may have 
mpiications for the reHabilitation of back pajo paoeats. 

People generally prefer to sit in a nonchalant p^i- 
ion" that is said to U unhealthy for the spine. T^is 
odom was hot supported by the results of this study 
which show that, at least in the conte« of atradiscal 
jressute, sitting upright created higha demands on Ae 
ipine. The relaxed posirion with reduced muscle activity, 
B a rule, was found in this study to reduce, uitradiscal 
pressure, which may help explain why people assume 
U a position as regular course." This pref^encc for 
sitting relaxed rather than upright may be different f« 
people with back pain problems, depending on thcsymp- 

tom." In this instance, it is important to menaon that 
when comparing different sitting and standing postures, 
two separate infhences on disc pressure should be dis- 
tinguished: muscle acrivity, and lumbar curvature. Lum- 
bar curvanire affects disc pressure by changing the dis- 
uibution of load between nucleus and anulus, and 
brtween disc and apopliysialjoints.aiidbych«iging ten- 
sion in the intervertebral ligaments.* Th«e cfects must 
be superimposed on. the effects of changing mus- 

cle activity. . • 

Ueimportaitpbysiologicfindingin the current study 

was that, during sleeping, intradiscal pressure mcreased 
substantially, presumably because of rehydration of the 
disc Pressure increased after 7 hours m the lying posioon 
to 240% of its pressure at the time of gomg to bed. 1 his 
is perhaps not surprising, given that results of m wtro 
stutos indicate that fairly moderate loading over a few 
hours can reduce intradiscal pressure ^-^^ ^ 
because of die diurnal variation in fluid fl«^ vwo 
fedingsindicatetobeappMmately20%,''^wh.chrnay 

explain findings from in vitro studies showing Aat discs, 
prolapse more easily after a good night's rest. 

Some limitations in the study dwign should be noted. 
The most critical point is that this study was performed 
with only one subject, thereby limiting the significance ot 
Aedata to the individual trendsobserved. The study was 

limited to only two sulqecB by the regulations of the 
ethics committee, which required that only some^e 
from thereseatchgroupcouldundergosurgery.lt should 

be further noted that because the subject was m good 
health, the findings cannot be extended to those wirfi 

back problems. It has been dcmoMttated, 
thatsomepatientswith severe lowback pain show irreg- 
ular intersegmental motion patterns" and pressure dis- 
tribution." thereby kaving open the question o compa- 
rability of intradiscal pressure between healthy and 

diseased spines. , , 

The implantation of the transducer, futtherpore 
caused some discomfort for the subject Aat mcreased 
through the day but did not change with the level of 
activi^ Because thisdid not substantialMt«h« move- 
ments or coordination, it is proposed that Ae effc« o 
this discomfort on the results was mmunal As a fambcr 
indica^on of the effect of the discomfort, a reference 
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measurement in standing was taken before each activity, 
and the value remained nearly constant throughout 
the day. 

Data from the pressure transducer, as from any mea- 
suring device, are only as reliable in respect to the degree 
to wWch the transducer is suitable for Ac intended envi- 
ronment. It was assumed in this case that the nudeus 
behaves hydrostatically, that its cohtaa to the face of the 
pressure transducer was constant, and that no artifact 
occurred that was caused by bending of the sensitive 
components. Differences with NachemSon's findings, in 
fact, may be explained by the pressure transducer used in 
the earlier studies being mourned into a needle that could 
rather easily be bent in positions other than upright 
standing, either in musculis spinae contraction and shift- 
ing of joint movement itself. The transducer in this study 
was mounted in a metal tip just 7 mm long and was 
verified by radiograph to mainteia its posmon withm the 
nucleus throughout the experiment 

This smdy, using the latest transducer technology, 
provided an exceptional chance to «Pe« "Kically the 
measurements of Nachemson from the 1960s and ex- 
pand the breadth of activities over which intradiscal 
pressure has been studied. It was found that the inuadis- 
cal pressure during relaxed sitting may in fact be less than 
thaiin relaxed standing. This and the other findings de- 
tailed herein may be important informaUon for ditecong 
the clinical treatment of disc diseases and the dcveloi^ 
ment of back school programs. 
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